Abstract. This study describes a model which addresses the processes of ingestion, assimilation, respiration, excretion and growth of copepods as a function of the concentration of food and its elemental composition in terms of carbon (C) and nitrogen (N). Two experimental data sets are used to estimate several parameters of the model concerned with the influence of food quality. The results of the model suggest that the concentration of food and its quality (i.e. the C:N ratio) largely determine copepod growth. Both the experimental data sets and the model output show that low carbon relative to the nitrogen content of food does not limit the production of copepods. Comparing the results of the model to those of a previous model on bacteria suggests large differences between bacterial and copepod physiological responses to a variable quality of the substrate or food. The results of these models suggest that the regeneration of ammonium performed by copepods always favors regenerated primary production, whereas that performed by bacteria, depending on the quality of assimilated substrates, can favor or limit regenerated production.
Introduction
The quantity of food is not the only important factor for the growth of copepods. The quality of the ingested food, in addition to other factors such as temperature or prey selection, seems to be an essential variable to model fully the development of these organisms in the planktonic network. Macro-elements, trace elements, vitamins, amino acids and fatty acids are required for copepod growth (Sterner and Hessen, 1994) . Moreover, the proportion of each element relative to the others in the food may largely influence the production of copepods, because each of them may potentially limit growth.
In the last few decades, most experimental and field studies on zooplankton focused on quantitative aspects of food. It follows that the shape of the ingestion curve (e.g. Michaelis-Menten, rectilinear, exponential) and the associated parameters (e.g. maximum ingestion rate, half-saturation constant) are known for several taxa of zooplankton (Hansen et al., 1997) .
The qualitative aspects of food remain to be explored. The literature shows that there is a growing interest in this topic, not only at the experimental level, but also in marine ecosystem modeling. For instance, we know that elemental ratios such as the C:N, C:P or N:P (where C is carbon, N is nitrogen and P is phosphorus) of the ingested and assimilated food may largely influence the assimilation, fecal pellet production, respiration, excretion and growth of several zooplankton taxa, e.g. Checkley (1980) and Kiørboe (1989) for copepods, Goldman et al. (1987a) and Nakano (1994) for heterotrophic flagellates, and Hessen and Andersen (1990) , Urabe and Watanabe (1992) and Urabe (1993) for cladocerans. Kiørboe (1989) , using results of Goldman (1987) and Sakshaug and Olsen (1986) , argued a low variability of the food C:N ratio. For instance, the results of Sakshaug and Olsen (1986) suggest that the C:N ratio of phytoplankton varies by less than a factor of 2.5 in highly variable coastal waters. Banse (1974) , however, found an increase of the phytoplankton C:N ratio by a factor of three between the beginning and the end of a spring bloom. More recently, according to Lancelot et al. (1991) and Baumann et al. (1994) , it was found that the C:N ratio of Phaeocystis sp. was more than five times the Redfield ratio at low concentrations of ambient nitrogen sources. In a more general context, Tezuka (1989) wrote that the C:N:P ratio of phytoplankton was found to vary widely according to the nutritional status of the phytoplankton. Similarly, Sterner and Hessen (1994) wrote: 'In autotrophs, like algae, biochemical and elemental composition is very plastic. For instance, the elements N and P typically vary 10ϫ relative to carbon in individual algae taxa variously limited by N and P.' The variability of the phytoplankton (i.e. the main food for herbivorous copepods) C:N ratio is therefore widely recognized, so that it seems essential to understand the metabolic response of copepods confronted by a variable food quality.
Indirectly, the quality of the food ingested by copepods (the main component of zooplankton in most marine systems) may potentially change the structure of the ecosystem. Since the regeneration by zooplankton of nutrients that contain nitrogen and phosphorus may be modified by the C:N:P ratio of the ingested food, the algal population growth rates may be affected not only by the quantity of regenerated nutrients, but also by the ratio of these elements (Sterner, 1990; Urabe, 1993) .
Mathematical models offer some specific advantages for the assessment of copepod dynamics. Most models for marine ecosystems include at least one state variable for zooplankton (e.g. Andersen and Nival, 1988; Fasham et al., 1990; Carlotti and Radach, 1996) . The influence of food concentration on copepod production is generally well described, in the sense that the parameterization of processes involved in the ingestion reflects current knowledge. Very few models, however, consider the quality of the food. This comes from the fact that most ecosystem models consider only one biogeochemical unit, which is often nitrogen or phosphorus because the availability of nitrate/ammonium or phosphate may limit primary production. We do not know exactly, however, which element limits the production of zooplankton. For instance, if carbon limits the production of copepods, it is reasonable to think that a model with the sole nitrogen unit will not be adequate to reproduce and analyse the growth of copepods. A solution is to include several units (e.g. C, N, P) in the same model, and also consider the tight relationships which exist between the biogeochemical cycles of these elements. Among the models where the quality of the food is considered, those of Anderson (1992) and Anderson and Hessen (1995) are of special interest because they can be compared to our model, the second having a simpler structure than the first.
In the present study, we first propose a theoretical framework to describe the flows of materials through an organism. On the basis of experimental results, we then develop a parameterization of the effects of variations in food quality on the growth efficiency of copepods. This parameterization is then introduced in the mass balance framework to generate predictions of how the food C:N ratio affects the growth and metabolism of copepods. We decided to do this because previous attempts to model explicitly the effects of food quality on growth (Anderson, 1992; Anderson and Hessen, 1995) contradict laboratory results (Checkley, 1980; Kiørboe, 1989) . Straile (1997) concluded from his study on the variability of carbon gross growth efficiency (K1 c ) among zooplankton taxa that: 'Models on carbon flow should consider the dependency of K1 c on food quantity and quality instead of using constant but taxon-specific K1 c '. This is very close to the first objective of the present study, which is to build up and assess the structure of a copepod growth model, which represents the influence of the quality and quantity of food on respiration and ammonium excretion. The second objective is to use the experimental results of Checkley (1980) and Kiørboe (1989) to determine the parameters of the model concerned with the influence of food quality. The third objective is to compare the output of the model with those of the models of Anderson (1992) and Anderson and Hessen (1995) . The fourth objective is to compare the results of the model for the carbon and nitrogen net growth efficiencies of copepods with those of a similar model for bacteria (Touratier et al., in press) . The overall objective is to show that a model which includes the influence of food quality on copepod growth has a much higher predictive or analytical capability than models which do not consider food quality.
Description of the model
The description, values and units of the parameters and variables used in the model are listed in Table I . In the following sections, the model is developed in two steps in order to simplify the description. In the first step, the influence of food concentration on copepod growth is considered and, in the second, the influence of the C:N ratio of the ingested food is taken into account. During the construction of the structure, several hypotheses are used to limit the complexity of the model. (i) Only carbon and nitrogen have the potential to limit copepod growth; other elements (like phosphorus, vitamins or fatty acids) are never limiting.
(ii) The range of variation of the C:N ratio in the natural food of copepods is uncertain (all C:N ratios reported below will be in atoms:atoms). Poulet (1983) proposed 2.3-40.8, whereas Anderson and Hessen (1995) think that most of the food available to copepods has a C:N ratio lower than 10. The uncertainty about this range is directly linked to the capacity of capture and the selection of food items by the various copepod species. In other words, the C:N ratios of particulate organic matter (POM) and those of food items which are potentially available to copepods often differ because of the physical properties (size, shape, swimming speed, etc.) of the particles, and also the capacity of ingestion of predators and their selection criteria. Consequently, in the present study, the food C:N ratio (C:N f ) refers to the food effectively ingested by copepods. (iii) The structure of the model considers that the elemental composition of copepods is constant despite variable C:N f (i.e. the hypothesis of strict homeostasis). Because of this assumption, the copepod C:N ratio (C:N z ) is held constant in the model. Experimental data suggest that homeostasis exists in several zooplankton taxa (e.g. Urabe and Watanabe, 1992; Nakano, 1994) , but it seems that this is not always the case because small variability in zooplankton elemental ratios (e.g. C:N, C:P) was often observed (Urabe and Watanabe, 1992; Urabe, 1993; Nakano, 1994) . Although this small variability may be explained [e.g. Main et al. (1997) have shown zooplankton growth rates to be positively correlated with the percent N and P in their bodies], we think that it is premature to develop models without the assumption of strict homeostasis. Although the variability of zooplankton elemental ratios in ecosystems seems to be more inter-specific than intra-specific Inorganic carbon concentration mmol C m -3 C:N f C:N atom ratio for food (C o (Urabe, 1993; Sterner and Hessen, 1994) , several species of marine copepods living at high latitudes may build up large reserves of lipids, which increase the proportion of C relative to N in their bodies. Checkley (1980) and Kiørboe (1989) noted that the copepods Paracalanus parvus and Acartia tonsa, which are the two species they used in their experiments, did not accumulate lipids in their bodies.
Since their results are used to estimate the parameters of the present model linked to the influence of food quality, it is reasonable to keep C:N z constant. (iv) The release of dissolved organic matter by copepods is considered to be insignificant; this assumption is probably valid, although some qualitative evidence suggests that small-sized organic material may be excreted (Vidal, 1980). (v) No distinction is made between production and reproduction by copepods. In terms of fluxes, we consider that the latter is part of the former.
First step: Influence of food concentration on copepod growth
Above a food concentration threshold C S1 , the ingestion of food by copepods is described by a Michaelis-Menten equation, as often used in modeling and experimental studies [equation (1); see Hansen et al., 1997] . Below C S1 , the copepods stop ingesting food [equation (2)]. The existence of such a threshold was demonstrated in several studies (e.g. Frost, 1975; Kiørboe et al., 1985) :
The flux of organic carbon ingested by copepods [I c ; equation (1)] is the product of three terms: the maximum ingestion rate (I m ), a function which takes into account the limitation of ingestion by the concentration of available organic carbon in the food (C 0 ), and the copepod carbon biomass (Z c ). In terms of nitrogen, the flux of ingested food is:
Fluxes I c and I n specify what enters the copepod, i.e. the quantities of carbon and nitrogen, and the ratio of these elements. In the gut of the copepod, a fraction of the ingested food is assimilated by the organism. This fraction, in terms of carbon and nitrogen [A c and A n ; equations (2a) and (2b), respectively; Table II] , is computed by using the appropriate assimilation coefficients for carbon (␤ c ) and nitrogen (␤ n ). Several studies have shown that the assimilation coefficients vary with the activity of digestive enzymes (Hassett and Landry, 1983; Landry et al., 1984) , food concentration [the assimilation coefficients decrease with increasing food concentration, i.e. the theory of superfluous feeding introduced by Beklemishev (1962) ; see also Hassett and Landry (1983) and Landry et al. (1984) ], and the retention time of food in the gut (Santer and Van Den Bosch, 1994) . The interactions between these variables are complex, numerous and not well understood.
Moreover, the time scale of physiological adaptation of enzyme activities and the food retention time as a function of variable food concentration play a central role in the variability of ␤ c and ␤ n (Hassett and Landry, 1983) . The parameterization of such complex and poorly known processes goes beyond the scope of the present study, so that ␤ c and ␤ n were kept constant.
The production of fecal pellets, in terms of carbon and nitrogen [F c and F n ; equations (2c) and (2d), respectively; Table II ], represents the non-assimilated fraction of the ingested food. According to the concentration of food, the model may produce drastically different copepod physiological behavior. Copepods, like other organisms, need a minimum food concentration to grow. Above this minimum concentration (called C S2 , where C S2 ≥ C S1 ), copepods are able to build up biomass and reproduce. Below C S2 , growth is negative, i.e. the energy drawn from cellular reserves is used to satisfy the cost of maintenance. At food concentration C S2 , the energy obtained from feeding exactly compensates the energy spent on maintenance, so that there is no growth, and the respiration for maintenance (R b ) is computed using equation (1):
According to the value of A c , the model predicts four different physiological states for a copepod, which are schematized in Figure 1 .
When fluxes A c and A n are null (Figure 1a ), i.e. no ingestion or C 0 ≤ C S1 , the respiration for maintenance is completely sustained by the cellular carbon reserves and R c = R b . In term of nitrogen, the copepod must excrete inorganic nitrogen (ammonium in the model) in order to maintain the stoichiometric balance between carbon and nitrogen in its biomass.
When 0 < A c < R b (Figure 1b ), all carbon from the assimilated food is invested in respiration. There is not enough carbon, however, to meet all the metabolic requirements of the copepod, so that the organism must use carbon from its Table II . Equations of the model for assimilation, fecal pellet production, net production in terms of carbon and nitrogen, respiration, and ammonium excretion, for the four different states (a-d, Figure 1 )
States a, b and c in Figure 1 State d in Figure 1 Assimilation of organic carbon
reserves. All the nitrogen contained in the assimilated food must, in the same way, be excreted to keep C:N z constant. Because some carbon from the copepod biomass is being used for respiration, a stoichiometric quantity of nitrogen must be excreted.
When A c = R b (or C 0 = C S2 ; Figure 1c ), the carbon contained in the assimilated food exactly meets the metabolic requirements of the copepod. All assimilated nitrogen must be excreted in the medium to maintain the stoichiometry. Consequently, carbon and nitrogen body reserves are not used and the biomass remains constant. The fourth state is described later in this section.
A smaller flux A c causes the production to be more negative. The mathematical formulations of the processes involved (net production in terms of carbon and nitrogen, respiration, and ammonium excretion) are the same for states a, b and c in Figure 1 (see Table II , for the range 0 ≤ A c ≤ R b ). These equations are independent of the carbon and nitrogen net growth efficiencies, K2 c (= P c :A c ) and K2 n (= P n :A n ), respectively, because net production is null or negative. The concept of 'individual threshold', introduced by Lampert (1977) , specifies that the required food concentration exactly balances the metabolic losses (i.e. the threshold C S2 ). Such a threshold has been determined, for example, for rotifers (Stemberger and Gilbert, 1985) , copepods (Lampert and Muck, 1985) and cladocerans Table I . (Gliwicz, 1990; Sterner and Robinson, 1994) . The parameterization proposed in the present study for the metabolism of maintenance (Figure 1 and Table II , states a-c) is justified by the experimental results of Sterner and Robinson (1994) , who worked with the cladoceran Daphnia magna. Their results suggest that the maintenance metabolism is not influenced by the quality of the assimilated food, because the value of the threshold C S2 did not change significantly when D.magna was fed with phytoplankton of high or low quality (i.e. low and high C:N:P ratios, respectively). If food quality does not influence the maintenance metabolism, this means that the assimilated food is mainly used for its energy (Sterner and Hessen, 1994) . Our model predicts that ammonium excretion is never null, which is confirmed by Le Borgne (1986) who observed that zooplankton release substantial amounts of nitrogen and phosphorus even under conditions of starvation.
In our model, the maintenance metabolism is represented by using the carbon content of the food (C o ) to compute the respiration for maintenance (R b ). It may also be possible to use the nitrogen contained in the food (N o ) to compute a corresponding ammonium excretion rate for maintenance. Hence, why use carbon to parameterize the maintenance metabolism? This is because we consider that the ratio of carbon to biomass in food is more conservative than the ratio of nitrogen to biomass, and also because carbon is closely related to the energy content of the food (Sterner and Robinson, 1994) .
In the fourth state, physiological behavior changes drastically because the concentration of food is high enough to allow copepod growth (Figure 1d ). Because A c > R b , excess carbon can be used for biomass build-up or reproduction. Specific equations for that state are given in the right-hand part of Table  II . These equations are well known and are often used in the literature. Given that the build-up of biomass is influenced by the carbon and nitrogen content of the assimilated food, the copepod may change its carbon and nitrogen net growth efficiencies so as to maintain the stoichiometry of these elements in its biomass. In the fourth state, the quality of the ingested food becomes a predominant factor in determining net carbon and nitrogen production, respiration and ammonium excretion. This is further discussed in the second step of model description.
Second step: Influence of C:N s ratio on copepod growth
Because the assimilation coefficients in terms of carbon and nitrogen may differ, the C:N ratio for assimilated food (C:N s ) may differ from that for ingested food (C:N f ). The relationship between the two ratios is: (C:N s ) = (C:N f ) (␤ c :␤ n ).
A simple situation is when C:N s = C:N z , because K2 c must then be equal to K2 n in order to keep C:N z constant (Sterner and Hessen, 1994) . This particular value for growth efficiency is called K2 (in the present case, K2 = K2 c = K2 n ). Variable K2 reaches a maximum value K2 m (maximum net growth efficiency when C:N s = C:N z ) when the substrate concentration (i.e. flux A c ) becomes saturating, and it is null when A c = R b because there is then no net production, it follows that K2 = P c :A c = 0. The change of K2 as a function of A c is modeled with a Michaelis-Menten function:
This kind of relationship has been observed for zooplankton crustaceans, where K2 increases hyperbolically with increasing food concentration (Dagg, 1976; Lampert, 1977; Vidal, 1980) . It is thought, however, that K2 is related more to A c than to C o because the process of food assimilation is, in the model, the last step of food transformation before growth. Checkley (1980) similarly remarked that the gross growth efficiency (K1) is better related to I c than to C o .
When C:N s ≠ C:N z , the situation becomes more complex because several experimental results suggest that copepods adapt their carbon and nitrogen net growth efficiencies (K2 c ≠ K2 n ) to keep their C:N z constant. Moreover, when C:N s is low, the relative quantity of nitrogen contained in the assimilated food may exceed the metabolic needs, so that copepods excrete ammonium in the medium. This may stimulate phytoplankton growth. When C:N s is very high, the structure of the model may allow copepods to stop ammonium excretion. The value of C:N s which specifies the boundary between these two situations is called the S 2 threshold (see below). The two situations are parameterized with two sets of equations (Table III) . In order to build up the structure of the model and to estimate several parameters, as explained in the following paragraphs, we used experimental results from Checkley (1980) and Kiørboe (1989) .
Experimental data of Checkley (1980) and Kiørboe (1989) Both Checkley (1980) and Kiørboe (1989) estimated the carbon and nitrogen gross growth efficiencies (K1 c and K1 n ) for copepods fed with phytoplankton of variable quality (C:N f ). These authors did not determine the production of copepods, but they used their reproduction rates to compute the gross growth efficiencies. Because, in the present model, no distinction is made between production and reproduction [hypothesis (V); see Introduction], we consider that reproduction is 
part of production. Adult females of P.parvus and A.tonsa were used by Checkley (1980) and Kiørboe (1989) , respectively, for their experiments (see their papers for details of the experimental conditions). In the following sections, experiment A will refer to the experimental data of Checkley (1980) and experiment B to those of Kiørboe (1989) . Their original equations for K1 c and K1 n were in terms of mass. After conversion to molar ratios, the equations become:
Experiment A: Checkley (1980) Experiment B: Kiørboe (1989) K1 n = 0.37 (6) K1 n = 0.384 (8)
The functions K1 n and K1 c for experiments A [equations (6) and (7)] and B [equations (8) and (9)] are represented in Figure 2a and b, respectively. Since our model simulates separately the ingestion and assimilation processes, these two variables are used to compute the carbon and nitrogen net growth efficiencies K2 c = K1 c /␤ c and K2 n = K1 n /␤ n , respectively. In order to derive the equations for K2 c and K2 n from equations (6)- (9), values for ␤ c and ␤ n (carbon and nitrogen assimilation coefficients, respectively) must be determined. For copepods, ␤ n is usually higher than ␤ c (e.g. Landry et al., 1984; Checkley and Entzeroth, 1985; Morales, 1987) , which reflects a high selection of nitrogen-rich particles in the gut during the food assimilation process. The ranges for ␤ c and ␤ n for Calanus pacificus are 0.685-0.854 and 0.739-0.925, respectively (Landry et al., 1984) . In Arctic waters, these ranges are of the same order of magnitude, i.e. 0.54-0.99 and 0.76-0.99, respectively, for a population of copepods dominated by Calanus hyperboreus, Calanus glacialis and Calanus finmarchicus (Daly, 1997) . Since such values are not available for P.parvus and A.tonsa, we used ␤ c = 0.75 and ␤ n = 0.85 (Table I) . Consequently, the equations for K2 n and K2 c are:
Experiment B: (11) and (13)] by using the relationship between C:N s and C:N f described above. The curves K2 n and K2 c for experiments A [equations (10) and (11)] and B [equations (12) and (13)] are given in Figure 2a and b, respectively. In the model, K2 n is linearly related to C:N s [equation (3a); Table III] , where the slope A is given by equation (3b) ( Table III) . K2 n depends on three factors: the value of C:N z , which is considered to be constant for each experiment, the variable C:N s value, and the variable growth efficiency (K2), defined for C:N s = C:N z . The slope A [equation (3b)] varies between 0 and K2:(C:N z ). The boundaries of this range correspond to two extreme cases of copepod physiological behavior in adapting the carbon and nitrogen net growth efficiencies to variable C:N s . When A = 0, copepods maintain the stoichiometry of their carbon and nitrogen contents by keeping K2 n constant. When A = K2:(C:N z ), copepods keep K2 c constant. In order to simplify the interpretation of the slope value, parameter ␣ is used in equation (3b) ( Table III) . When ␣ = 0, A = K2:(C:N z ) and when ␣ = 1, A = 0.
In order to keep the C:N z ratio constant, the theory of stoichiometry predicts that the relationship between the net growth efficiencies K2 c and K2 n is given by equation (3c) ( Table III) . By combining equations (3c) ( Table III) and (11) and using equation (10), C:N z = 5.17 for experiment A. In the same way, by using equations (3c) (Table III) , (12) and (13), C:N z = 5.89 for experiment B. The C:N z ratios measured by Checkley (1980) and Kiørboe (1989) are 4.66 and 5.89, respectively, i.e. very close to our estimates. Knowing the values for C:N z and K2 n [equations (10) and (12)] for each experiment, and using equations (3a) and (3b) of the model (Table III) , it was possible to compute parameters K2 m and ␣ for each experiment (Table I) . For this computation, the constant K2 m was used instead of the variable K2, because we consider that food concentrations used to determine K1 c and K1 n (equations (6)-(9)] were always saturating for K2. When C 0 is considered to be saturating for K2, the A c flux is then also saturating for K2 so that, given equation (5), K2 ≈ K2 m .
The thresholds S 1 and S 2 [equations (3d) and (3e); Table III ] are the same as the values of C:N s for K2 c = 1 and K2 n = 1, respectively. Because all assimilated food contains carbon, there must be respiration, so that K2 c cannot be ≥1. Therefore, the S 1 threshold determines the lower boundary of the C:N s values used in the model. From equations (10) and (12), we know that K2 n is independent of C:N s , so that parameter ␣ = 1 for experiments A and B. One aim of our study is to obtain a model with a structure as general as possible, so as to allow interspecific comparisons for parameters ␣ and K2 m (fourth objective, in the Introduction). Although the case 0 ≤ ␣ < 1 is never met with the data of Checkley (1980) and Kiørboe (1989) , the structure of the model anticipates that such ␣ values are possible. If 0 ≤ ␣ < 1, then K2 n would increase with increasing C:N s , and K2 n would be equal to one when C:N s = S 2 . For C:N s > S 2 , K2 n = 1 [equation (3f); Table III ], so that the slope A would be null; this means that ammonium excretion would be null and, given equation (3c) (Table III) , K2 c should decrease with increasing C:N s .
For experiments A and B, the values of S 1 are 2.25 and 2.66, respectively. Given the values chosen for ␤ c and ␤ n (Table I) , the corresponding C:N f values are 2.55 and 3.01. Because K2 n is constant for both experiments A and B, the threshold S 2 does not exist.
Results and discussion

Model output
The output of the model below is based on the parameters (C:N z , K2 m and ␣) derived from experiment B ( Table I) . The model results for experiment A are not given because the parameters for this experiment are very similar to those of experiment B (Table I ) so that the general trends are similar. The parameters concerning the ingestion of food (from C S1 to Z c ; Table I ) were chosen arbitrarily, but they are realistic, as shown in the remainder of this paragraph. The range of C S1 is usually between 0 (Checkley, 1980) and <4.1 mmol C m -3 (Hasset and Landry, 1983) ; the chosen value is 0.4 mmol C m -3 (Table I) , i.e. in the lower part of the range. Hamburger and Boëtius (1987) noted that the copepods Pseudocalanus sp., P.elongatus and Temora longicornis are able to grow from stage N1 to adult at a food concentration of 2.08 mmol C m -3 . They also noted that the copepod Paracalanus parvus is able to survive at a food concentration of 0.63 mmol C m -3 from late nauplius to adult. These food concentrations are necessarily higher than the threshold C S2 because growth is still positive. In the model, C S2 = 1 mmol C m -3 (Table I ). The maximum ingestion rate in the model, I m , is set to 1.5 day -1 (Table I) , i.e. the value obtained by Checkley (1980) at 18°C. At the same temperature, Kiørboe (1989) reported a value of 1.34 day -1 for Acartia tonsa. The half-saturation constant for food ingestion, k I , seems to be independent of zooplankton body size, as mentioned by Hansen et al. (1997) . These authors give an average value of 20 mmol C m -3 , which is used in the present model (Table I) . Since there are no estimates for k K2 , an arbitrary value of 0.01 mmol C m -3 day -1 was chosen for the simulations. The copepod carbon biomass (Z c ) was set to 1 mmol C m -3 (Table I) , to simplify the computation of specific rates (see below).
Model results for experiment B are shown in Figure 3 . These results illustrate the changes of copepod growth, fecal pellet production, fecal pellet C:N ratio, respiration, ammonium excretion, carbon and nitrogen gross growth efficiencies, and carbon and nitrogen net gross efficiencies as functions of C 0 and C:N f . All fluxes computed by the model were divided by the corresponding copepod biomass (Z c or Z n ) to obtain specific rates. The range of variation of C 0 (0-50 mmol C m -3 ) covers rates with C 0 < C S2 and saturating C 0 . The C:N f ratio ranges from 3.01 (which is the corresponding C:N f value of the S 1 threshold, see above) to 20.
Copepod growth, ammonium excretion rate, and gross and net carbon growth efficiencies (Figure 3a , e, f and h, respectively) all show the same general trend of increasing values with increasing C 0 and decreasing C:N f . As determined by the model structure, copepod growth is negative for C 0 < C S2 . For saturating concentrations of C 0 , the variablity of K1 c and K2 c as a function of C:N f is very similar to Figure 2b .
The respiration rate ( Figure 3d ) increases with both C 0 and C:N f . Growth efficiencies K1 n and K2 n are independent of C:N f , but they increase with increasing C 0 (Figure 3g and i) . For saturating concentrations of C 0 , the values of K1 n and K2 n are very close to those in Figure 2b .
The fecal pellet production rate (Figure 3b ) is independent of C:N f , but it increases with food concentration. The trend is opposite for the pellet C:N ratio (Figure 3c ), although this ratio is not defined for C 0 < C S1 [i.e. no ingestion, see equation (2)]. Since the ratio ␤ n :␤ c > 1 (␤ n :␤ c = 1.13), the fecal pellet C:N ratio is always greater than the corresponding C:N f ratio. Given the values ␤ n and ␤ c used in this study (Table I) , there is an increase of 166% in the C:N ratio after the digestion of the food. Such an increase in the fecal pellet C:N ratio relative to that of the food has been observed in Arctic waters by Daly (1997) , i.e. an increase of 425% for Calanus hyperboreus. The percentage observed for this species reflects a very high value of the ratio ␤ n :␤ c .
According to the results of the model, K1 (independently of the element C or N) increases hyperbolically with increasing C o (Figure 3f and g ). It is well known, however, from other studies (e.g. Urabe and Watanabe, 1992; Straile, 1997) that K1 first increases with increasing C o , after which it decreases. The experimental relationship observed between K1 and C o is therefore not well described by our model. Because of the general relationship K1 = ␤K2, it is recognized that there is a synergetic effect of ␤ and K2 on K1. The shapes of the experimental relationships between ␤ and C o (␤ decreases with increasing C o ), and between K2 and C o (K2 increases hyperbolically with increasing C o ), were already described (see Fig. 3 . Model results concerning the combined influence of the organic carbon concentration (C 0 ) and the C:N f ratio, using the parameters from experiment B (Table I) . (a) Specific growth rate; (b) specific fecal pellet production rate; (c) fecal pellet C:N ratio; (d) specific respiration rate; (e) specific ammonium excretion rate; (f) carbon gross growth efficiency; (g) nitrogen gross growth efficiency; (h) carbon net growth efficiency; (i) nitrogen net growth efficiency. The black area in panel (a) corresponds to negative specific growth rates. above). Since ␤ is maintained constant in the model, the shapes of the curves for K1 are similar to those for K2.
In the model, the ratio ␤ n :␤ c does not vary according to the value of the C:N f ratio, although it could offer an approach to regulate the quality of the assimilated food. Since carbon and nitrogen are often tightly combined in the food, it seems reasonable to think that the stoichiometry of carbon and nitrogen in the zooplankton is mainly maintained by catabolic processes (i.e. respiration and excretion).
The model output suggests that the quality of the food ingested and assimilated by copepods has a major influence on their growth and respiration, i.e. the net carbon growth efficiency (K2 c ) is modified to maintain the stoichiometry of carbon and nitrogen in the copepod biomass. An important remark is that low C:N f ratios never limit copepod growth, i.e. the growth rate always increases when the C:N f ratio decreases. This is a feature of our model and of the experimental results of both Checkley (1980) and Kiørboe (1989) .
Comparison with other models
A very complex model was proposed by Anderson (1992) to simulate the influence of the food C:N ratio and concentration on zooplankton growth, respiration, excretion, and carbon and nitrogen net growth efficiencies. Since large differences exist between the model of Anderson (1992) and our model, it is not easy to compare their structures directly. We can, however, compare the output of the two models. Figure 6 of Anderson (1992; not shown here) provides all the information needed for the comparison. Anderson (1992) considered two kinds of food for copepods, i.e. phytoplankton and protozoa, with constant C:N ratios (6.625 and 5.5 for phytoplankton and protozoa, respectively). To study the influence of the food C:N ratio and concentration on copepod growth, Anderson (1992) simulated a mixture of the two types of food with different assimilation rates. In the mixture, the C:N ratio of assimilated food could vary between 5.5 (only protozoa assimilated) and 6.625 (only phytoplankton assimilated), an intermediate value of the C:N ratio meaning a mixture of the two types of food. In summary, the trends of the influence of food concentration on growth, respiration, excretion, K2 c and K2 n in Anderson's model are similar to those in ours, i.e. the values increase with increasing food concentration or assimilation rate. Concerning the influence of the C:N ratio of the assimilated food, however, there are large differences between the outputs of the two models. Copepod growth simulated by Anderson (1992) seems to be independent of the food C:N ratio, whereas growth decreases with decreasing C:N ratios in the present study ( Figure  3a) . In Anderson (1992) , the respiration rate decreases slightly with increasing C:N ratios, whereas the trend is opposite in the present study (Figure 3d ). Both K2 c and K2 n simulated by Anderson (1992) increase with increasing C:N ratios of the assimilated food, whereas K2 c and K2 n in the present study are decreasing and constant, respectively (Figure 3h and i) . In the present study, the shapes of the curves for K2 c and K2 n , computed from the curves for K1 c and K1 n ( Figure  2 ) experimentally determined by Checkley (1980) and Kiørboe (1989) , do not agree with the shapes of the curves K2 c and K2 n simulated by the model of Anderson (1992) .
We tried to understand the above differences between the two models. In order to do that, we changed the value of our parameter ␣, which determines the slope of K2 n , so as to obtain results similar to those of Anderson. Negative values of ␣ reproduced the general trends in the values obtained by Anderson (1992) , but such values for ␣ are outside the range accepted for our model (0 ≤ ␣ ≤ 1). Negative values of ␣ allowed both K2 c and K2 n to increase with increasing C:N f , as in the model of Anderson. Such values for ␣ mean that copepods increase both their respiration and their excretion with decreasing C:N f , to maintain the stoichiometric balance of carbon and nitrogen in their biomass. This situation may be plausible, but it does not agree with experimental results.
The simpler model of Anderson and Hessen (1995) aimed at studying the influence of food quality on copepod production, respiration, excretion and fecal pellet production. In their Figure 3 (not shown here), nitrogen net growth efficiency (K2 n ) increases rapidly with increasing food C:N ratios, and K2 n = 1 when the food C:N ratio is ≥20.2, which they called the threshold elemental ratio (TER; equivalent to our S 2 threshold). The carbon net growth efficiency (K2 c ) first decreases slightly with increasing food C:N ratio up to TER, after which it decreases quickly. Several conclusions were drawn by the authors: (i) the model output did not agree with the experimental data of Checkley (1980) and Kiørboe (1989) ; (ii) at least in theory, nitrogen limitation of marine copepods should be uncommon and macronutrients like carbon and nitrogen may not be controlling production; (iii) stoichiometric models do not support the view of a predominant nitrogen limitation in marine copepods. In fact, the second conclusion depends on the definition of the expressions 'carbon limitation' and 'nitrogen limitation'. In the present study, carbon limitation means that carbon limits the growth of copepods. Concerning the influence of food concentration, Figure 3a shows that carbon limits production, but the same conclusion would be reached for any other element, i.e. it is the concentration of food which is limiting, irrespective of the element considered. By looking at food quality (C:N f ratio), it becomes clear that nitrogen limits copepod growth because there is an inverse relationship between the C:N f ratio and copepod growth rate (Figure 3a) , which is confirmed by the experimental data of Checkley (1980) and Kiørboe (1989) . The third conclusion is incorrect because the stoichiometric model in the present study supports the conclusion of nitrogen limitation for the copepods studied by Checkley (1980) and Kiørboe (1989) .
Comparison with other organisms
Inter-specific comparisons for the parameters of the model concerned with food quality may help us to understand the role played by heterotrophs within the planktonic network. Checkley (1980) stated that his results were applicable to other particle-grazing copepods. Hessen (1992) and Sterner and Hessen (1994) proposed that the stoichiometric approach could be valid for several zooplankton taxa. Most experimental studies dealing with the influence of food quality on zooplankton growth deal with both nitrogen and phosphorus limitation, e.g. Goldman et al. (1987a) and Nakano (1994) for the microflagellate Paraphysomonas imperforata, and Urabe (1993) for cladocerans. Comparisons between these studies and the present one are not possible because our model and the experimental results of Checkley (1980) and Kiørboe (1989) consider only C or N and not P limitation.
Interesting comparisons can be made with heterotrophic bacteria. Touratier et al. (in press) built a model for bacteria which is similar to the present one. They used three experimental data sets, called A and B (Goldman et al., 1987b) and C (Lancelot and Billen, 1985) , to estimate the parameters concerning the quality of the substrates (C:N s ) assimilated by bacteria. Parameters C:N b (bacterial C:N ratio), Y m (growth efficiency when C:N s = C:N b and the substrate concentration is saturating) and ␣, which were estimated from the three bacterial data sets, can be directly compared with parameters C:N z , K2 m and ␣, respectively, estimated above for copepods from experiments A and B. Thresholds S 1 and S 2 were computed for bacteria as in the present study.
Values of the parameters estimated from experiments A, B and C for bacteria, and from experiments A and B for copepods, are listed in Table IV . The bacterial and copepod C:N ratios (C:N b and C:N z , respectively) do not differ significantly. The same is true for parameters Y m for bacteria and K2 m for copepods. The main difference occurs for parameter ␣, which is 0 ≤ ␣ ≤ 0.399 for bacteria and ␣ = 1 for copepods. The S 1 threshold for bacteria is always lower (0 ≤ S 1 ≤ 1.88) than for copepods (2.25 ≤ S 1 ≤ 2.66). Since parameter ␣ for bacteria is never equal to one, their S 2 threshold always exists; it is in the range 9.37 ≤ S 2 ≤ 12.94.
Direct comparisons between Y c (carbon growth efficiency for bacteria) and K2 c , and between Y n (nitrogen growth efficiency for bacteria) and K2 n , are possible because these variables have the same definitions (Y c or K2 c = P c :A c ; Y n or K2 n = P n :A n ). The curves Y n from experiments A, B and C for bacteria (Touratier et al., in press) , and the curves K2 n from experiments A and B for copepods (present study, curves taken from Figure 2 ), are plotted together in Figure 4a . In the same way, the curves Y c from experiments A, B and C for bacteria (Touratier et al., in press) , and the curves K2 c from experiments A and B for copepods (present study, curves taken from Figure 2 ), are plotted together in Figure 4b .
The above comparisons lead to the following conclusions. (i) The parameter ␣, whatever the organism may be, always ranges between 0 and 1 (Table IV) , i.e. between the two extreme cases of physiological behavior presented in the Description of the model. These two cases are also described for bacteria in Touratier et al. (in press ).
(ii) Ammonium excretion by bacteria may be null if they assimilate substrates with C:N s ≥ S 2 , but this situation is never encountered for the two copepods because the threshold S 2 does not exist for them. (iii) Since Y c (for bacteria) and K2 c (for copepods) increase (except Y c -C which is constant) with decreasing C:N s or C:N f , it follows that carbon, relative to the nitrogen content of the substrates or the food, never limits bacterial or copepod growth. Although it is not possible to explain the observed variability of parameter ␣ among bacteria and between bacteria and copepods, it is well known that bacteria, contrary to copepods, have the capacity to take up ammonium from the medium to maximize their production [which is possible in the model of Touratier et al. (in press) ]. Moreover, when bacteria take up ammonium, they can outcompete most phytoplankton taxa (e.g. Wheeler and Kirchman, 1986; Hoch and Kirchman, 1995) , mainly because of their small sizes. Copepods do not have an equivalent possibility to maximize their production when C:N f is high (for high C:N f ratios, their K2 c values are always lower than Y c for bacteria; Figure 4b ). More experimental data are required before these ideas could be generalized to all heterotrophic organisms, including other copepods and bacteria.
Realistic results were obtained with the model for copepod growth (Figure 3 ), i.e. an increase with C o and a decrease with C:N f which is derived from experimental data. The shapes of the curves for gross growth efficiencies (K1 c and K1 n ) as functions of C o are, however, not well reproduced. This comes from the lack of knowledge on the variability of assimilation coefficients as functions of C o . To date, there is no simple way to parameterize the processes involved (e.g. enzyme activities, retention time of food in the gut). So, our first objective (see the Introduction) is only partly met.
Our second objective was to estimate the parameters of the model concerning the qualitative aspect of the food (C:N z , K2 m and ␣), using the experimental data sets of Checkley (1980) and Kiørboe (1989) . This objective was fully met (see Table I ).
The net growth efficiencies (K2 c and K2 n ) computed with the models of Anderson (1992) and Anderson and Hessen (1995) are quite different from the values in the present study. In the first version of the model proposed by Anderson (1992) , both K2 c and K2 n increase with increasing C:N f , whereas K2 c decreases and K2 n remains constant in our model. Simulations with our model indicate that using a negative ␣ could reproduce the trends observed in the model of Anderson (1992) . Negative ␣ are theoretically possible, but not supported by experimental data. In the version of the model of Anderson and Hessen (1995) , the influence of food concentration is not taken into account. In that model, K2 c decreases slowly with increasing C:N s , but K2 n increases. Therefore, the results of the model suggest that ammonium excretion can be null. Again, experimental data show that ammonium regeneration exists for any C:N f ratio. These comparisons achieved our third objective.
Our fourth objective was to compare the carbon and nitrogen net growth efficiencies computed for copepods and bacteria. Our models of bacterial growth (Touratier et al., in press) and copepod growth (present study) have similar structures. The main difference consists of the inclusion of food assimilation processes for copepods, i.e. copepods assimilate part of the food present in their guts, whereas bacteria assimilate the substrates directly from the surrounding medium. The main difference among the parameters compared for bacteria and copepods concerns the value of ␣. Parameter ␣ is low for bacteria and equals one for copepods. According to the experimental data and the model results, ␣ may be an indicator of the physiological behavior of heterotrophic organisms under consideration. This behavior seems to be drastically different for bacteria and copepods. For bacteria (low ␣), the regeneration of ammonium is very high at low C:N s , and it decreases strongly with increasing C:N s . When C:N s > S 2 , the ammonium regeneration is negative (i.e. bacteria take up ammonium), so that there may be competition with phytoplankton for ammonium. These trends are not observed for copepods (␣ = 1). Independently of the food quality, there is always regeneration of ammonium. It is true that the ways of life of bacteria and copepods have nothing in common, but comparing their abilities to regenerate ammonium allows better understanding of the regulation of regenerated primary production and, consequently, the overall functioning of ecosystems.
The present study evidenced a strong influence of food quality on copepod growth. Since most ecosystem models do not consider this aspect, it follows that the predictive or analytical capabilities of such models may be low if the quality of food is highly variable in the system under investigation.
